The steroid hormone-activated glucocorticoid receptor (GR) regulates cellular stress pathways by binding to genomic regulatory elements of target genes and recruiting coregulator proteins to remodel chromatin and regulate transcription complex assembly. The coregulator hydrogen peroxide-inducible clone 5 (Hic-5) is required for glucocorticoid (GC) regulation of some genes but not others and blocks the regulation of a third gene set by inhibiting GR binding. How Hic-5 exerts these gene-specific effects and specifically how it blocks GR binding to some genes but not others is unclear. Here we show that site-specific blocking of GR binding is due to gene-specific requirements for ATPdependent chromatin remodeling enzymes. By depletion of 11 different chromatin remodelers, we found that ATPases chromodomain helicase DNA-binding protein 9 (CHD9) and Brahma homologue (BRM, a product of the SMARCA2 gene) are required for GC-regulated expression of the blocked genes but not for other GC-regulated genes. Furthermore, CHD9 and BRM were required for GR occupancy and chromatin remodeling at GR-binding regions associated with blocked genes but not at GR-binding regions associated with other GC-regulated genes. Hic-5 selectively inhibits GR interaction with CHD9 and BRM, thereby blocking chromatin remodeling and robust GR binding at GR-binding sites associated with blocked genes. Thus, Hic-5 regulates GR binding site selection by a novel mechanism, exploiting gene-specific requirements for chromatin remodeling enzymes to selectively influence DNA occupancy and gene regulation by a transcription factor. . 2 The abbreviations used are: GR, glucocorticoid receptor; GC, glucocorticoid;
Transcription factors regulate gene expression by binding to specific regulatory DNA sequences, where they can either acti-vate or repress transcription of the associated gene(s). The regulatory process directed by the transcription factor involves recruitment of numerous coregulator proteins that remodel the chromatin landscape around the transcription factor binding site and the transcription start site of the regulated gene and regulate the assembly of an active transcription complex at the transcription start site. Each coregulator contributes specific molecular functions to accomplish these complex processes in a presumably coordinated fashion, resulting in increased or decreased production of mRNA encoded by the gene (1) (2) (3) . Many coregulators act in a gene-specific manner, i.e. they are required for the regulation of a subset of the genes regulated by any given transcription factor. Furthermore, a single coregulator can have different effects (i.e. activation or repression) and act by different mechanisms on different target genes, even for genes regulated by a single transcription factor within a single cell type (4 -9) . However, the mechanisms that specify the action of a coregulator on a given target gene are mostly unknown. Here we report a specific mechanism that directs the gene-specific actions of the protein hydrogen peroxide-inducible clone 5 (Hic-5, also known as TGFB1I1) as a coregulator for the glucocorticoid receptor (GR, 2 NR3C1). GR, a member of the nuclear receptor family of ligand-activated transcription factors, regulates diverse physiological programs, including inflammation and metabolism of glucose, lipids, and proteins, by activating and repressing the transcription of specific genes. GR is activated by binding of the natural glucocorticoid (GC) hormone cortisol or various synthetic analogues, which are widely used in the treatment of many types of inflammatory diseases and cancer (10) .
Hic-5 is a member of the paxillin family of molecular adaptor proteins, characterized by two types of protein interaction domains: four LD (leucine and aspartate-containing) motifs at the N terminus and four Lin11, Isl-1, and Mec-3 (LIM) domains, each composed of two adjacent zinc fingers, on the C terminus (11, 12) . In the cytosol, Hic-5 has been widely studied as an adapter protein at focal adhesion complexes (13) . In the nucleus, Hic-5 serves as a coregulator for a variety of transcription factors, including GR (14 -20) . As a coregulator of nuclear receptors, Hic-5 has been associated with many physiological and disease functions, including endometriosis through the progesterone receptor (16) , epithelial cell differentiation by affecting peroxisome proliferator-activated receptor ␥ transcriptional activity (15) , and prostate tumorigenesis and castrate responsiveness through the androgen receptor (17) . We recently showed that endogenous Hic-5 modulates GC-regulated gene transcription by GR in a highly gene-specific manner, functioning as a coactivator for some GR target genes and as a corepressor for others. GC-regulated genes were categorized into three different classes with respect to their dependence on Hic-5: Hic-5-independent (ind) genes are regulated by GC independent of Hic-5 depletion; Hic-5modulated (mod) genes are regulated by GC in the presence of Hic-5, but depletion of Hic-5 alters the magnitude of activation or repression by GC; Hic-5-blocked (block) genes are not regulated by GC until Hic-5 is depleted from the cells (9) . The effects of Hic-5 depletion were observed at both the mRNA and pre-mRNA levels of mod and block genes, demonstrating that the mechanism of Hic-5 action occurs at the transcriptional level. These same Hic-5-influenced classes of genes were also observed in studies with estrogen receptor ␣ and androgen receptor (20, 21) . Mechanistic examination of selected GC-induced mod genes showed that Hic-5 is recruited to GR-binding regions (GBR) by its interaction with GR and acts at late stages of transcription complex assembly, facilitating recruitment of the Mediator complex and RNA polymerase II (9) . In contrast, examination of three selected block genes indicated that Hic-5 prevented transcriptional activation by impeding GC-induced chromatin remodeling and robust GR occupancy at GBR associated with the block genes (9) . Additionally, in GR chromatin immunoprecipitation sequencing analysis, Hic-5 depletion almost doubled the number of GR-occupied sites in the genome (21) .
Because coregulators generally have been shown to facilitate steps of transcription complex assembly that occur subsequent to transcription factor binding to DNA, the inhibition by Hic-5 of GR occupancy at GBR that control GC regulation of a specific set of genes is an unexpected and unique observation. Here we explore the hypothesis that transcription factor occupancy and chromatin remodeling are co-dependent processes and that Hic-5 influences GR occupancy by interfering with the dynamic interaction of GR with chromatin remodeling complexes. The recruitment of chromatin remodelers by GR is thus required for chromatin remodeling, which, in turn, facilitates robust GR occupancy of the GBR and subsequent transcription complex assembly on the transcription start site of the associated GC-regulated gene. We also address the gene-specific actions of Hic-5, i.e. the mechanism that allows Hic-5 to block GR binding and transcriptional regulation at the block class of GR target genes while allowing robust GR binding and GC-regulated transcription at other GR target genes (the ind and mod classes). Our findings elucidate new mechanisms that control transcription factor binding site selection and contribute to the genespecific actions of coregulators.
Results

Hypothesis: A dynamic model for explaining the differential effects of Hic-5 on GR binding to different classes of GBR
The chromatin conformation at GBR is dramatically altered to a more open state in response to GC treatment of cells (9), e.g. by creating a nucleosome-free region at the GBR ( Fig. 1 ). GCinduced binding of GR to GBR is a cooperative process between GR and chromatin remodelers in which GR recognizes its specific DNA-binding motif and recruits ATP-dependent chromatin remodeling enzymes that open up the chromatin structure (22-24). Furthermore, GR interacts in a rapid, dynamic onand-off fashion with its specific DNA motifs (25) , and experimental techniques such as chromatin immunoprecipitation that are used to measure the strength of association of GR with a specific GBR (often referred to as occupancy) are simply capturing a snapshot of the steady-state dynamic interaction between GR and a given GBR. In view of the dynamic and cooperative nature of this process, we propose that the initial GR interaction with the GBR is weak but that this weak GR-GBR interaction allows GR to recruit chromatin remodelers, which open up the chromatin and thereby allow a more robust but still dynamic GR occupancy of the site (Fig. 1 ).
In cells, Hic-5 selectively prevents robust GC-induced GR occupancy at GBR of block genes and the accompanying tran- Figure 1 . Dynamic GR-GBR interaction model. Before dexamethasone (dex) treatment, GBR is in a relatively closed chromatin conformation, and gene transcription is silent (or at a basal level). Upon binding dexamethasone, GR recognizes and initially interacts weakly with the GBR in a dynamic on/off relationship. GR recruits chromatin remodeling enzymes that subsequently remodel chromatin at the GBR to a more open state, thereby allowing a more robust but still dynamic GR occupancy, recruitment of coregulators, and recruitment of transcription machinery, including RNA polymerase II (Pol II) to the transcription start site, resulting in enhanced expression of the target gene. sition to a more open chromatin conformation (9) . We therefore further hypothesize that, although GR can interact weakly with GBR of block genes in the presence of Hic-5, Hic-5 inhibits the dynamic and cooperative chromatin remodeling process by GR and chromatin remodelers at GBR of block genes, thus maintaining a chromatin conformation at the GBR of block genes that is not permissive for the robust GR interaction with the GBR required for establishing an active transcription complex. In addition, to explain why Hic-5 prevents chromatin remodeling and robust GR binding at block genes but not at mod and ind genes, we recall a previous report showing that different DNase hypersensitive sites (which frequently overlap with transcription factor-binding sites) require different combinations of chromatin remodeling complexes (26) . In light of these findings we propose that different chromatin remodeling complexes are required for GR binding at block genes than at mod and ind genes. In the experiments described below, we test these hypotheses.
CHD9 and BRM chromatin remodelers selectively facilitate GC-regulated expression of representative GR target genes from the block gene class
Using the U2OS-GR␣ cell line, in which we previously characterized the actions of Hic-5 (9), we first determined whether specific chromatin remodeling enzymes are selectively required for GC-induced expression of representative genes from the block gene class. Eleven ATP-dependent chromatin remodeling enzymes shown previously to be involved in transcriptional activation by GR or other transcription factors (23, (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) were individually depleted by siRNA transfection. Because Hic-5 inhibits the expression of block genes, it was depleted simultaneously with each chromatin remodeler. Cells were treated with the synthetic GC agonist dexamethasone or an equivalent volume of the vehicle ethanol for 4 h, and GC-induced expression of representative block and ind genes identified in our previous study (9) was measured using quantitative RT-PCR ( Fig. 2 ). Immunoblots verified successful depletion of the chromatin remodeling enzymes and Hic-5 ( Fig.  2C ). Depletion of the chromatin remodelers did not affect the expression of GR or Hic-5, and depletion of Hic-5 did not alter the expression of GR or the chromatin remodelers ( Fig. 2C ). As shown previously (9) , depletion of Hic-5 alone resulted in dexamethasone-regulated expression of the block genes RP1L1 and HOXD1, whereas these genes were not induced by dexamethasone in the nonspecific siRNA control sample ( Fig. 2A ). For most of the chromatin remodelers, the double depletion of a chromatin remodeler and Hic-5 did not eliminate dexamethasone-induced expression of the block genes. However, the double depletion of chromodomain helicase DNA-binding protein 9 (CHD9) and Hic-5 or of Brahma homologue (BRM, a product of the SMARCA2 gene) and Hic-5 eliminated a significant increase in mRNA for the block genes RP1L1 and HOXD1 upon dexamethasone treatment, indicating that CHD9 and BRM are required for dexamethasone-regulated expression of these two block genes. In contrast, dexamethasone treatment induced expression of the ind genes IGFBP1 and MSX2 in the presence and absence of Hic-5, and depletion of each of the 11 chromatin remodelers along with Hic-5 had little or no effect on their dexamethasone-regulated expression ( Fig. 2B) .
Similar results were observed when expression of genes was examined at 2, 4, and 8 h of dexamethasone treatment. Dexamethasone-induced expression of the block genes RP1L1, GRAMD4, and HOXD1 was observed after depletion of Hic-5 alone but was eliminated by double depletion of Hic-5 and CHD9 or of Hic-5 and BRM (supplemental Fig. S1A ). There was no dexamethasone-induced expression of the three block genes when Hic-5 was present in cells and BRM only or CHD9 only was depleted. In contrast, the temporal expression profiles of three representative ind genes, IGFBP1, MSX2, and TIPARP, were unaffected by the depletion of Hic-5, CHD9, or BRM individually or in combination (supplemental Fig. S1B ). Similarly, CHD9 and BRM were not required for dexamethasone-induced expression of two representative mod genes, SCNN1A and SLN (supplemental Fig. S1C ). As shown previously (9), these genes were activated by dexamethasone in the presence but not in the absence of Hic-5. When a second siRNA for CHD9 and BRM was used, similar results were obtained for these representative block, ind, and mod genes (supplemental Fig. S2 ), thus eliminating concerns about off-target effects of the first set of siRNAs used. Therefore, CHD9 and BRM chromatin remodelers are necessary for the dexamethasone-induced expression of the block genes but not the ind and mod genes.
Genome-wide analysis of CHD9 and BRM requirements for dexamethasone-regulated expression of block, ind, and mod GR target genes
Because CHD9 and BRM were selectively required for dexamethasone-induced expression of representative genes from the block gene class, we employed RNA sequencing to explore whether this association applies genome-wide. RNA was prepared from cells transfected with six different siRNA combinations: nonspecific siRNA control (siNS/siNS), depletion of Hic-5 (siHic5/siNS), depletion of CHD9 (siCHD9/siNS), double depletion of Hic-5 and CHD9 (siCHD9/siHic5), depletion of BRM (siBRM/siNS), and double depletion of Hic-5 and BRM (siBRM/siHic5). Cells in each category were treated with either 100 nM dexamethasone or ethanol for 8 h, making a total of 12 conditions, and three biological replicates were performed on different days. The differentially expressed genes reported here are defined as genes with at least a 1.3-fold change in expression and a false discovery rate (FDR)-adjusted p Յ 0.05. These relatively low-stringency values were chosen to include reasonably large numbers of genes in the block, ind, and mod gene classes and thus provide more statistical power for subsequent analysis of CHD9 and BRM effects on these gene classes. Assignment of genes to the block, ind, and mod classes involved an algorithm developed previously (6), described in detail under "Experimental Procedures." In total, there were 105 ind genes ( Fig. 3A , blue region), 364 mod genes ( Fig. 3A , green region), and 534 block genes ( Fig. 3A, red region) . These categories include genes that were up-regulated or down-regulated by dexamethasone and where Hic-5 could have a positive or negative effect, as illustrated by the hypothetical examples for each of the three gene classes in Fig. 3A .
Next we determined the number of genes in each class that required CHD9 or BRM for dexamethasone-regulated expression. Briefly, the set of genes in each gene class (block, ind, and mod) overlapped with two other gene sets derived from the samples depleted or not depleted of CHD9 or BRM, defined as illustrated in supplemental Fig. S3 , B and C and explained in detail under "Experimental Procedures." Although this procedure identified several subsets of genes (supplemental Fig. S3C , sectors i-iv), the genes of primary interest were genes in each class for which the dexamethasone-regulated expression was entirely dependent on CHD9 or BRM (supplemental Fig. S3C , sector iii), i.e. genes in the block, ind, or mod gene sets that were no longer dexamethasone-regulated after depletion of CHD9 or BRM.
Because block genes are only dexamethasone-regulated in cells depleted of Hic-5, we used data from cells that were depleted of Hic-5 alone or doubly depleted of Hic-5 and CHD9 or BRM to identify block genes that require CHD9 or BRM (supplemental Fig. S3 , B and C). Using this algorithm (explained in detail under "Experimental Procedures"), we identified 296 of 534 block genes (55%) that require CHD9 for dexamethasone-regulated expression ( Fig. 3B, left panel) and 292 of the 534 block genes (55%) that require BRM for dexamethasone-regulated expression ( Fig. 3C, left panel) . More than half of the block genes that required CHD9 were also dependent on BRM for dexamethasone-induced expression and vice versa ( Fig. 3D , top left panel). Altogether, 78% (414 of 534 genes) of the block gene class were dependent on CHD9 and/or BRM for dexamethasone-induced expression, and 33% of block genes required both CHD9 and BRM (Fig. 3D, top left panel) .
Similar analyses were conducted with the ind and mod gene classes to determine the genes that were dependent on CHD9 and/or BRM for dexamethasone-regulated expression. The effect of depleting each chromatin remodeler was determined A and B, cells were transfected with the indicated siRNA combinations, and after 48 h, relative mRNA levels for the indicated block genes (A) and ind genes (B) were measured by quantitative RT-PCR following 4 h of ethanol (etoh) or dexamethasone (dex) treatment. Relative mRNA levels for each gene were normalized to GAPDH mRNA levels. Data shown are the mean Ϯ S.D. of three biological replicates. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not significant; paired t test. C, siRNA depletion of chromatin remodelers (CR) and Hic-5. Immunoblots for the indicated chromatin remodelers, GR, and Hic-5 are shown, with GAPDH as an internal control.
in cells containing Hic-5 and in cells depleted of Hic-5. When the chromatin remodeler was depleted in cells containing Hic-5, 14 of 105 ind genes (13%) were dependent on CHD9, and 12 genes (11%) were dependent on BRM (Fig. 3 , B and C, center panels). There were two genes (2%) regulated by both CHD9 and BRM, resulting in a total of 24 genes (23%) of the ind genes that required CHD9 or BRM or both for dexamethasone-induced expression ( Fig. 3D , top right panel). When this analysis was performed in cells lacking Hic-5, 35% of the ind genes were dependent on CHD9 and/or BRM for dexamethasone-regulated expression (supplemental Fig. S3 , D-F, left panels).
When mod genes were analyzed by single depletion of CHD9 or BRM in cells containing Hic-5, 80 of 364 mod genes (22%) were dependent on CHD9, and 63 (17%) were dependent on BRM for dexamethasone-regulated expression ( Fig. 3 , B and C, right panels). In total, 119 genes (33%) of the mod class were dependent on CHD9 or BRM or both, and only 7% required both CHD9 and BRM (Fig. 3D, bottom panel) . Similar results were found when the effect of depleting CHD9 or BRM on mod 
. Genome-wide selective requirement of CHD9 and BRM for dexamethasone-regulated expression by block genes versus ind and mod genes.
Genome-wide RNA sequencing analysis was performed to evaluate the genes dependent on CHD9 and BRM for dexamethasone (dex)-regulated expression. A, the numbers of block (red), ind (blue), and mod (green) genes were determined by overlapping three gene sets (supplemental Fig. 3A ) according to the algorithms described under "Experimental Procedures." Theoretical examples of activated and repressed gene expression profiles are provided as bar graphs for each gene class. B, block, ind, and mod genes that require CHD9 for dexamethasone-regulated expression. The block gene set was overlapped with gene sets a and b (supplemental Fig. 3B ). The ind and mod gene sets were each overlapped with gene sets c and d (supplemental Fig. 3B ). Overlapping was performed according to the algorithms under "Experimental Procedures." Dark-colored regions show the number and percentage of genes in each class (block, ind, and mod) that are dependent on CHD9 for dexamethasone-regulated expression. C, block, ind, and mod genes that require BRM for dexamethasone-regulated expression. BRM-dependent genes in each class were determined as in B, using data from cells with depletion of BRM instead of CHD9. D, the percentages of genes from each class that are dependent on CHD9 and/or BRM. E, the decrease in dexamethasone regulation caused by depletion of CHD9 (top panel) or BRM (bottom panel) is shown as the distribution of the depletion effects for all block, ind, and mod genes, using a box plot that divides genes for each class into quartiles. The y axis values represent the percent decrease in dexamethasone effect, calculated with the formula specified under "Experimental Procedures." The median decrease caused by depletion of CHD9 or BRM is indicated by thick horizontal lines, with median values shown above the plot. The p values were obtained by comparing the ind or mod class to the block class using Mann-Whitney U test. gene regulation by dexamethasone was determined in cells lacking Hic-5 (supplemental Fig. S3 , D-F, right panels). Because 138 of the 364 mod genes were no longer regulated by dexamethasone in cells depleted of Hic-5 ( Fig. 3A) , we only analyzed the remaining 226 mod genes that were still dexamethasone-regulated in cells depleted of Hic-5. In this analysis, 32% of the Hic-5 regulated mod genes were dependent on CHD9 and/or BRM for dexamethasone-regulated expression (supplemental Fig. S3 , D-F, right panels).
Thus, the great majority of the block genes (78%) required CHD9, BRM, or both for their dexamethasone-regulated expression, whereas relatively minor fractions of the ind and mod genes (23-35%) required these chromatin remodelers; the comparison of gene classes was even more striking when considering the genes that required both CHD9 and BRM (33% for block and 2-9% for ind and mod) ( Fig. 3D and supplemental Fig.  S3F ). Although these analyses were done with 1.3-fold change in expression and FDR adjusted p Յ 0.05 as cutoff values, the large difference in the percentage of block genes that required CHD9 and/or BRM compared with the ind or mod genes was preserved when more stringent parameters were used to identify genes that were significantly affected by depletion of CHD9 or BRM (supplemental Fig. S4 ).
To assess the overall genome-wide magnitude of the effect of CHD9 and BRM depletion on the dexamethasone-regulated expression of all genes in each of the three classes, we compared the log 2 -fold change in mRNA levels caused by dexamethasone treatment in cells containing (supplemental Fig. S5 , A-C, red bars) or depleted (supplemental Fig. S5 , A-C, blue bars) of each chromatin remodeler. The depletion of CHD9 or BRM caused a large decrease in the effect of dexamethasone on the expression of the great majority of the block genes, as indicated by the large amount of red visible in supplemental Fig. S5A . This trend was evident for block genes that were activated (supplemental Fig.  S5A , left side) or repressed (supplemental Fig. S5A , right side) by dexamethasone. In contrast, depletion of CHD9 or BRM caused a much more modest decrease in dexamethasone regulation of the ind and mod genes, as indicated by the much lower amount of red visible in supplemental Fig. S5 , B and C. In fact, depletion of CHD9 or BRM caused little or no change in dexamethasone regulation for a large percentage of the ind and mod genes (very little difference in the height of red and blue bars; supplemental Fig. S5, B and C). To analyze these genome-wide data quantitatively and statistically, we calculated the percent decrease in the dexamethasone regulation of each gene (see formula under "Experimental Procedures") caused by depletion of CHD9 or BRM and displayed these data as a box plot showing the genes in quartiles for each gene class ( Fig. 3E) . For the block genes, the median decrease in dexamethasone regulation was 52.9% for CHD9 depletion and 59.6% for BRM depletion. In contrast, the median decrease in dexamethasone regulation for ind genes was 0.04% and 15.1% for CHD9 and BRM depletion, respectively; and the median decrease in dexamethasone regulation for mod genes was 12.5% and 18.9% for CHD9 and BRM depletion, respectively. Furthermore, the difference in the distribution of values between the block genes and each of the other two gene classes was highly significant (Fig. 3E ).
Gene ontology analysis (38, 39) of block genes versus a combination of ind and mod genes indicated some common pathways (e.g. developmental and cell differentiation pathways), but also some distinct physiological pathways. The block class was enriched for genes involved in localization of cells and cell contents and for genes involved in phosphate metabolism. In contrast, the combined ind and mod classes were enriched for genes involved in angiogenesis, apoptosis, and pathways involved in oxygen and mitogen-activated protein kinase signaling (supplemental Fig. S5D ).
CHD9 and BRM are required for GR occupancy at GBR associated with block genes
To explore the mechanism by which CHD9 and BRM contribute to dexamethasone-regulated transcription of the block genes and because we propose that efficient GR binding to DNA is a cooperative process between GR and chromatin remodelers ( Fig. 1) , we examined the effect of CHD9 and BRM on the binding of GR to GBR associated with the representative block genes RP1L1 and GRAMD4 discussed above. Because there is no data to indicate which GBR controls each dexamethasone -regulated gene, we focused on the GR binding site that was most closely associated with each GR target gene in terms of linear genomic distance (9, 40) . Supporting this choice is our previous finding that Hic-5 blocks dexamethasone-induced expression of these block genes and also prevents robust dexamethasone-induced GR binding and chromatin remodeling at the GBRs closest to these genes (9); this phenotypic correlation supports the conclusion that the closest GBR is involved in regulation of the representative genes examined here. As stated earlier in our hypothesis, we propose that there is an initial weak interaction between GR and GBRs, but robust GR occupancy requires recruitment of chromatin remodelers by GR and the resulting opening of the chromatin conformation (e.g. by creating a nucleosomefree region at the GBR) ( Fig. 1) . We further propose that Hic-5 interferes with this chromatin remodeling process at GBR of block genes. Consistent with our model, we observed weak dexamethasone-induced GR binding at the GBR of the two representative dexamethasone-induced block genes in cells containing Hic-5, and robust dexamethasone-induced GR occupancy depended on depletion of Hic-5, as reported previously (9) . GR occupancy was mostly eliminated after the double depletion of CHD9 and Hic-5 or BRM and Hic-5 (Fig. 4A) . The GR binding level for the double depletions was essentially the same as the low level of GR binding observed when none of the proteins were depleted, suggesting that both CHD9 and BRM are required for the robust GR binding observed when Hic-5 is depleted. In contrast to CHD9 and BRM, the double depletion of Hic-5 and BRG1 (Brahma-related gene 1, a product of the SMARCA4 gene), a chromatin remodeler that was not required for dexamethasone-induced expression of the representative block genes ( Fig.  2A) , had no significant effect on GR occupancy at the GBR associated with the two block genes (Fig. 4A) . In a similar chromatin immunoprecipitation analysis of GBRs associated with two representative ind genes (MSX2 and IGFBP1) and two representative mod genes (SCNN1A and SLN), single depletion of Regulation of GR binding to chromatin by coregulator Hic-5 CHD9 , BRM, or BRG1 or double depletion of Hic-5 along with each chromatin remodeler had little or no effect on dexamethasone-induced GR binding (Fig. 4, B and C) ; there was a small but marginally significant decrease in GR binding to the MSX2 GBR after double depletion of Hic-5 and CHD9, but there were no other significant decreases in GR binding to the ind or mod genes when any of the three chromatin remodelers was depleted. A region where GR does not bind was examined as a negative control (Fig. 4D ). Thus, CHD9 and BRM, but not BRG1, were selectively required for GR binding to GBR associated with block genes.
CHD9 and BRM are required for dexamethasone-induced chromatin remodeling at GBR of the block genes
To determine whether CHD9 and BRM are required for the dexamethasone-induced increase in chromatin accessibility at the GBR of the representative block genes, we performed formaldehyde-assisted isolation of regulatory elements (FAIRE) fol-lowed by quantitative PCR. As shown previously (9), dexamethasone treatment increased FAIRE signals at the GBR of the representative block genes RP1L1 and GRAMD4 after Hic-5 depletion but not in control cells transfected with nonspecific siRNA. Double depletion of CHD9 and Hic-5 or of BRM and Hic-5 eliminated most of the dexamethasone-induced FAIRE signal for these block genes (Fig. 5A ). However, depletion of BRG1 along with Hic-5 did not significantly alter the dexamethasone-induced FAIRE signal at the GBR of the block genes compared with depletion of Hic-5 alone. In contrast to the block genes, a robust dexamethasone-induced FAIRE signal was observed for the representative ind and mod genes either in the presence or absence of Hic-5, and depletion of CHD9, BRM, or BRG1 did not significantly alter these FAIRE signals either in the presence of absence of Hic-5 (Fig. 5, B and C) , except in the case of the SCNN1A GBR, where the double depletion of BRM and Hic-5 (but not the single depletion of BRM) caused a small but significant decrease in the dexamethasone-induced FAIRE Figure 4 . CHD9 and BRM are required for GR occupancy at GBR of representative block genes. A-D, cells depleted of Hic-5 or a chromatin remodeler only (CHD9, BRM, or BRG1) or doubly depleted of both a chromatin remodeler and Hic-5 were treated with dexamethasone for 1 h. Chromatin immunoprecipitation with antibodies against GR or normal IgG followed by quantitative PCR at the associated GBRs was performed for the indicated block genes (A), ind genes (B), and mod genes (C); GR occupancy at a negative control region is also shown (D). Values shown are mean Ϯ S.D. for n ϭ 4 biological replicates performed on different days. *, p Ͻ 0.05; **, p Ͻ 0.01 from a paired t test. ns, not significant. signal. Thus, CHD9 and BRM, but not BRG1, are required for dexamethasone-induced chromatin remodeling activity at the GBR of the block genes, and the requirement of CHD9 and BRM was specific for the block gene class but not for ind and mod genes.
Hic-5 selectively inhibits the interaction between GR and block gene-specific chromatin remodelers
Because Hic-5 inhibited the chromatin remodeling actions of CHD9 and BRM, which are required for GR occupancy of block gene GBRs (Figs. 4 and 5) , and because Hic-5 binds directly to the hinge region of GR located between the DNA-binding domain and the ligand-binding domain (14), we investigated whether or not Hic-5 inhibits the interaction between GR and CHD9 or BRM using a proximity ligation assay (PLA). PLA detects protein-protein interactions by using primary antibodies of differing species for each of the putative protein partners. When the proteins are in proximity of less than 40 nm, secondary antibodies attached with oligonucleotides guide the formation of circular DNA strands that serve as templates for rolling circle amplification. Fluorescent probes that bind to the amplified DNA generate a fluorescence signal for each bimolecular interaction that appears as a pinpoint signal against the background of the cell micrograph, which, in this case, includes DAPI-stained nuclei (Fig. 6A ). The number of signals is quantifiable with image analysis software (Fig. 6B ). Antibodies for GR, CHD9, BRM, and BRG1 were used to examine the interactions between GR and chromatin remodelers in cells containing or depleted of Hic-5 and treated with dexamethasone or ethanol. Signals above background were only detected in dexamethasone-treated cells ( Fig. 6B and supplemental Fig. S6 ), presumably at least in part because GR is only localized to the nucleus after dexamethasone treatment. This result validated the specificity of the contribution of the GR antibody to the PLA signal. Validation of the antibodies for the chromatin remodelers was achieved by showing that the dexamethasone-induced signals for the GR-chromatin remodeler interactions were reduced to background by depletion of the relevant chromatin remodeler (Fig. 6, A and B) . Robust dexamethasone-induced signals for the GR-CHD9 and GR-BRM interactions were observed only after depletion of Hic-5; in contrast, a robust GR-BRG1 interaction was observed either in the presence or absence of Hic-5. Hence, the PLA experiments demonstrate that Hic-5 inhibits the interaction between GR and the block gene-specific chromatin remodelers CHD9 and BRM but does not inhibit GR interaction with other chromatin remodelers such as BRG1. 
Discussion
The dynamic co-dependence of GR occupancy and chromatin remodeling is regulated by Hic-5
Our results demonstrate that the block class of GR target genes is defined by its requirement for specific chromatin remodelers, CHD9 and BRM, which are not required for most of the genes in the ind and mod classes of GR target genes. 78% of block genes required at least one of these two chromatin remodelers, and 33% required both of them. In contrast, only 23-35% of ind and mod genes required BRM or CHD9, and only 2-9% required both ( Fig. 3D and supplemental Fig. S3F ). Of course, the specific number of genes assigned to each category depends on the stringency of the -fold change and statistical cutoffs chosen, but the dramatic difference in dependence on BRM and CHD9 for dexamethasone-regulated expression of the block versus ind and mod genes was consistent even when more stringent cutoff values were tested (supplemental Fig. S4 ). Several possible explanations can be offered for the 22% of the block genes that did not appear to require CHD9 or BRM: there may be other chromatin remodelers required for some block genes that were not tested in this study, the -fold change and statistical cutoffs chosen may have generated some false positive block genes, or the effects of CHD9 or BRM depletion on some block genes may have missed the statistical cutoff. Similarly, the fact that 23-35% of the ind and mod genes demonstrated a requirement for CHD9 or BRM could be due to the low 1.3-fold change cutoff chosen. This conclusion is supported by the generally small effect of CHD9 or BRM depletion on the ind and mod gene classes compared with the large effect on the block gene class (Fig. 3E) .
The fact that 33% of the block genes require both CHD9 and BRM for dexamethasone-regulated expression suggests that each chromatin remodeler contributes some unique function to remodel the chromatin at the GBR associated with these genes and that both of these functions are required for dexamethasone-induced chromatin remodeling and for the resulting robust GR binding and transcriptional regulation. The requirement for multiple ATPases to maintain transcription factor binding sites has been demonstrated previously (26) and suggests that different types of chromatin remodeling activities cooperate to accomplish chromatin remodeling associated with transcriptional regulation. In fact, CHD9 and BRM belong to different families of ATPases, and in vitro assays indicate that they support different types of nucleosome and chromatin remodeling activities (28, 41) .
Hic-5 binds to GR (14) and was not detectable on any of the block gene GBRs tested in the absence of dexamethasone but was recruited to the GBRs of ind and mod genes in a dexamethasone-induced manner (9) . This indicates that Hic-5 is recruited to GBRs by GR. This raises the question of how Hic-5 can prevent robust GR occupancy on block gene GBRs. Our proposal that GR makes initial weak contact with the GBR but that robust occupancy and chromatin remodeling of GBRs are co-dependent processes (Fig. 1) resolves this conundrum. The co-dependence provides an opportunity for regulation, and, in this case, Hic-5 regulates this process selectively on block genes (Figs. 4 and 5) by interfering with the interaction between GR and the two block gene-specific chromatin remodelers CHD9 and BRM (Fig. 6 ). When Hic-5 is depleted, CHD9 and BRM are allowed to interact with GR, and these two chromatin remodelers are required for the robust binding of GR and chromatin remodeling at the GBR of the block genes ( Fig. 7) .
Our findings that different GR target genes require different chromatin remodelers is presumably related to a previous report that different DNase hypersensitive sites are maintained by different chromatin remodelers (26) . It is well established that GBRs (and other transcription factor binding sites) are generally marked by DNase-hypersensitive sites, which are often present before GR binding but increase in accessibility after GR binding (42) . Our results indicate that the increased accessibility of GBRs induced by dexamethasone requires genespecific chromatin remodelers, and the dexamethasone dependence of the chromatin transition indicates a requirement for GR to recruit or activate the chromatin remodelers, thus supporting our conclusion that GR occupancy and chromatin remodeling are co-dependent processes. Also consistent with this is the previous demonstration that components of the Swi-Snf chromatin remodeling complex (for which BRG1 and BRM serve as alternative ATPase subunits) interact directly with GR and are recruited to many GBRs in a hormone-induced manner (22) (23) (24) 27) . In addition, BRM and GR have been shown previously to regulate the occupancy of each other on GBRs in a gene-specific manner (27) .
Another question suggested by our results is what drives gene-specific requirements for CHD9 and BRM. As with genespecific coregulator actions in general, we propose that these come from inherent properties of the chromatinized genes. First, the specific DNA sequence to which GR binds is known to influence GR conformation and actions (43, 44) . Second, the set of additional regulatory elements that bind additional transcription factors and coregulators is specific for each gene. Third, the chromatin conformation may also be gene-specific. Together, these factors establish a specific regulatory envi-ronment that determines the specific coregulators that are required for activation or repression of transcription. Proteinprotein interactions among all transcription factors and coregulators at the site, as well as posttranslational modifications made by enzymatic coregulators present in this regulatory environment, should influence the coregulators that are required for transcription and the specific actions of the transcription factor and coregulators (e.g. whether they have positive or negative effects on transcription).
Physiological implications of the gene-specific requirements for and actions of Hic-5
There are two separate aspects of the gene-specific coregulator activity of Hic-5: first, it affects the GC-regulated expression of some but not all GR target genes; second, it acts by different mechanisms on different GR target genes, as evidenced by its distinctive mechanisms of action on mod and block genes. For mod genes that require Hic-5 for GC-induced expression, Hic-5 facilitates recruitment of the Mediator complex and RNA polymerase II; in contrast, Hic-5 prevents GCinduced GR binding and chromatin remodeling at GBR of block genes (9) . There is accumulating evidence that the gene-specific actions of coregulators may correlate with specific physiological pathways. For example, GC regulates many different physiological pathways, including anti-inflammatory pathways, developmental pathways, and metabolism of glucose, lipids, and bone. If different coregulators are required for GC-regulated genes that control these different pathways, then regulation of the amounts or activities (e.g. by posttranslational modifications) of specific coregulators could modulate the specific physiological response to GC. It is thus interesting to note that gene ontology analysis indicated that the block gene class is enriched for biological processes that are different from those enriched in the combined mod and ind genes (supplemental Fig. S5D ). The considerable number of block genes that require both CHD9 and BRM supports the notion that CHD9 and BRM affect similar biological processes. For example, previous studies indicate that BRM and CHD9 may both be involved in regulating osteogenic genes (35, 45) . Because this study shows that the interaction between GR and these two chromatin remodelers is regulated by Hic-5, it would be interesting to explore how Figure 7 . Model illustrating the mechanism of Hic-5 action on dexamethasone-induced block genes. In the presence of Hic-5, interactions between GR and CHD9 and between GR and BRM are inhibited, preventing dexamethasone-induced chromatin remodeling and robust GR occupancy at the GBR. Hence, expression of the block gene is not dexamethasone-regulated. In the absence of Hic-5, GR is able to recruit block gene-specific chromatin remodelers, CHD9 and BRM, allowing the opening of chromatin, robust GR occupancy, recruitment of coregulators and RNA polymerase II (Pol II), and dexamethasone-induced expression of the block gene.
Hic-5 influences GR interaction with BRM and CHD9 to regulate osteogenic genes.
Because Hic-5 prevents GR binding to a specific subset of potential GBRs, Hic-5 actually alters the GR cistrome (the genome-wide set of sites occupied in a given cell type). The GR cistrome varies in a cell type-specific manner (42) , but the factors that contribute to cell type-specific transcription factor binding are only partially understood. Cell type-specific heterochromatin domains certainly contribute (46) , and chromatin remodelers have been shown to influence the locations of hypersensitive sites and transcription factor binding (26, 42) . Hic-5 represents a new type of mechanism that contributes to determination of the GR cistrome.
Thus, studying the mechanism of Hic-5 action on GR provides a unique opportunity to advance our understanding of how transcription factor binding site selection is regulated and the role of coregulators in mediating transcription factor binding and activity. This study elucidates a mechanism that explains the block gene-specific actions of Hic-5 on a subset of GC-regulated genes. However, Hic-5 has been shown to block transcription factor occupancy and hormone-induced expression of genes by estrogen receptor (21) and actually promoted androgen receptor binding to some sites (20) . Additionally, the coregulators cell cycle and apoptosis regulator 1 (CCAR1), cell cycle and apoptosis regulator 2 (CCAR2), calcium-binding and coiled-coil domain 1 (CALCOCO1), and zinc finger protein 282 (ZNF282) also block expression of a subset of GC-regulated genes in A549 cells, although not as robustly as Hic-5 (6) . Therefore, although this study focuses on GR and Hic-5, it is likely that our model applies to other transcription factors and coregulators. Transcription factor binding site selection and gene-specific actions of coregulators are relevant to all transcription factors, and, hence, our study broadly contributes to our understanding of the role of coregulators in transcriptional regulation.
Because Hic-5 modulates (both positively and negatively) the GC-regulated expression of some GR target genes (mod genes) and blocks the activation or repression of others (block genes) in response to GC, it has the potential to dramatically influence the outcome of the response to GC, but only if the amount or activity of Hic-5 is regulated. It is thus interesting to note that Hic-5 expression is highly cell type-and tissue-specific (47, 48) . In addition, phosphorylation of Hic-5 by multiple kinases on multiple residues of Hic-5 has been reported, with some of these modifications promoting and others inhibiting interaction between Hic-5 and androgen receptor (49 -51) . In addition, Hic-5 activity and changes in Hic-5 expression have been linked to various types of cancer, especially prostate cancer (17, 20, 48) . In that light, it is also relevant to note that enhanced GR activity has been recently implicated in progression of castration-resistant prostate cancer (52) . In future work, it will be very interesting to test whether posttranslational modifications of Hic-5 and the signaling pathways that control them alter Hic-5 effects on androgen receptor-and GR-regulated gene expression and emerge as novel therapeutic targets in cancer.
Experimental procedures
Cell culture and siRNA transfection U2OS osteosarcoma cells stably expressing wild-type GR␣ (U2OS-GR␣) were maintained as described previously (9) . The actions of GC are well known in most cell types, including osteogenic lineages (53, 54) . However, GR is expressed at extremely low levels in the parent U2OS cell line, and therefore the line used here was derived by introduction of a transgene (55) . U2OS-GR␣ cells express levels of GR that are equivalent to levels expressed naturally in many cell lines and primary cells. Cells were grown in medium supplemented with 5% (v/v) FBS and transfected with siRNA using Lipofectamine RNAiMAX (Invitrogen). For double depletion of the chromatin remodeler and Hic-5, equivalent amounts siRNA for a chromatin remodeler and Hic-5 (siHic5) were added. For single-protein depletions, equivalent amounts of siRNA for the targeted protein and siNS were used so that the total volume and mass of siRNA was consistent. 48 h after siRNA transfection, the cells were either treated for the indicated length of time with 100 nM dexamethasone (Sigma) or an equivalent amount of ethanol as a control. siRNA sequences for siNS and siHic-5 were described previously (9) . siRNAs for chromatin remodelers were designed and purchased through MISSION predesigned siRNA (Sigma). The sense sequences were as follows: siBRG1 (5Ј-GGAAUACCU-CAAUAGCAUU-3Ј), siBRM (5Ј-CCAAAUGAUUGCUCGA-CGA-3Ј), siSNF2h (5Ј-CAACAGAUAUGCAUCUAGU-3Ј), siINO80 (5Ј-GCAUGAAUUGGUUGGCCAA-3Ј), siEP400 (5Ј-CUGAUGAGGAGUUUCAACA-3Ј), siCHD1 (5Ј-CUCA-GUACCAUGAUCAUCA-3Ј), siCHD4 (5Ј-CAAACAGGA-GCUUGAUGAU-3Ј), siCHD6 (5Ј-CAAACUUCUGGAGG-GUCU-3Ј), siCHD7 (5Ј-GGACUUUGCACGUAGCACA-3Ј), siCHD8 (5Ј-CAGAAUCAUUCAGGUCUAU-3Ј), and siCHD9 (5Ј-CGAAUUGAUGGCAGAGUCA-3Ј). siRNA depletion was verified by immunoblot. Depletion of BRM and CHD9 was validated with a second siRNA with sense sequences as follows: siCHD9#2 (5Ј-AAGUAUUUGAUGGAGUU-3Ј) and siBRM#2 (5Ј-GGAACUUAGCCGAUGAAA-3Ј).
Immunoblot
48 h after transfection with siRNA, the cells were washed three times with PBS and lysed for 10 min with radioimmune precipitation assay lysis buffer containing protease inhibitor mixture (Roche) at 4°C. Cell lysates were centrifuged, and the supernatant was resolved by electrophoresis in 4 -15% Mini-Protean TGX precast polyacrylamide gradient protein gels (Bio-Rad). The following primary antibodies were used for immunoblotting: GAPDH (Sigma, G9545), Hic-5 (BD Transduction Laboratories, 611165), glucocorticoid receptor (Santa Cruz Biotechnology, SC8992), BRG1 (Abcam, EPNCIR11A), BRM (Abcam, ab15597), INO80 (Abcam, ab118787), SNF2H (Abcam, ab72499), EP400 (Abcam, ab5201), CHD1 (Bethyl Laboratories, A301218A), CHD4 (Abcam, ab72418), CHD6 (Bethyl Laboratories, A301221A), CHD7 (Cell Signaling Technology, 6505S), CHD8 (Cell Signaling Technology, 11891S), and CHD9 (Novus Biologicals, NB100-60419). The secondary antibodies used were goat anti-rabbit (Promega, W4011) and goat anti-mouse (Promega, W4021).
Quantitative RT-PCR
Total RNA was isolated from cells using TRIzol reagent (Thermo Scientific) and reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad). The resulting cDNA was analyzed by quantitative PCR amplification with the LightCycler 480 SYBR Green I Master (Roche) on the LightCycler 480 system (Roche). The following primers used to detect mRNA expression with quantitative PCR were described previously: RP1L1, HOXD1, IGFBP1, MSX2, and SCNN1A (9) and GRAMD4 (21) . Other primers used were as follows: TIPARP (forward primer, 5Ј-TCCGCTCCTGTTTTATACTGC-3Ј; reverse primer, 5Ј-AGTTTGCTGAAGTGACCCC-3Ј) and SLN (forward primer, 5Ј-CAAGCCGCTGTGAAAATGG-3Ј; reverse primer, 5Ј-GAGCATCTCAGTCAATCCCAG-3Ј).
RNA sequencing analysis
U2OS-GR␣ cells transfected with combinations of siRNA were treated with either ethanol or 100 nM dexamethasone for 8 h. 12 different conditions were examined: control (siNS/siNS) with or without dexamethasone, Hic-5 only depletion (siHic5/ siNS) with or without dexamethasone, CHD9-only depletion (siCHD9/siNS) with or without dexamethasone, CHD9 and Hic-5 double depletion (siCHD9/siHic5) with or without dexamethasone, BRM-only depletion (siBRM/siNS) with or without dexamethasone, and BRM and Hic-5 double depletion (siBRM/siHic5) with or without dexamethasone. Total RNA was extracted using TRIzol (Thermo Scientific), and three biological replicates were performed on different days. RNA samples were reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad). The quality of the cDNA was assessed using an Agilent Technologies 2100 bioanalyzer, and quantitative RT-PCR analysis was performed for selected GR target genes. A total of 36 high-quality samples (12 conditions for three replicates each) were submitted to the Next-Generation Sequencing Core at the University of Southern California Norris Comprehensive Cancer Center for library preparation and sequencing. Single-end 75-bp RNA sequencing data were generated for the samples using Illumina NEXTseq 500. The sequencing results produced 36 -58 million raw reads per sample. After trimming the raw reads for quality and adapter sequence, the samples were mapped using TopHat 2.1.1 against the GRCh38/hg38 human reference genome (56) . Mapped reads were quantified to known UCSC Genes using the GenomicAlignments R package (57) . Gene expression levels were normalized with the upper quantile method, and low-expressing genes were excluded so that genes with more than one count per million in at least three samples were analyzed (58) . We implemented the "remove unwanted variation" strategy to account for unknown nuisance technical effects between samples (59) . Differentially expressed genes were identified with edgeR using a 1.3-fold change in expression (log 2 ϭ 0.4) and false discovery rate-adjusted p Յ 0.05 as cutoffs (60) . Gene Ontology was used for functional annotation of the gene classes (38, 39) .
Algorithms for defining ind, mod, and block gene classes and genes that require CHD9 or BRM
Assignment of genes to the block, ind, and mod classes involved a strategy developed previously (6) using three differ-ent comparisons from the RNA sequencing data to define the following gene sets from the RNA sequencing data (supplemental Dataset S1): dexamethasone-regulated genes in control cells transfected with nonspecific siRNA (supplemental Fig. S3A , comparison I), dexamethasone-regulated genes in Hic-5-depleted cells (supplemental Fig. S3A, comparison II) , and genes with mRNA levels that were significantly different between the control dexamethasone-treated cells and Hic-5-depleted dexamethasone-treated cells (supplemental Fig. S3A, comparison  III) . Except where otherwise indicated, significant differences in mRNA levels were defined with a 1.3-fold change cutoff and FDR-adjusted p Յ 0.05. Specific regions of overlap among the gene sets derived from these three comparisons defined the block, ind, and mod gene sets. The ind genes (Fig. 3A, blue  region) were dexamethasone-regulated in control cells (included in set I) and in Hic-5-depleted cells (included in set II) and had dexamethasone-treated mRNA levels that were not significantly different in control and Hic-5-depleted cells (excluded from set III). mod genes (Fig. 3A, green regions) were defined by the intersection of set I (dexamethasone-regulated in control cells) and set III (different dexamethasone-treated mRNA levels in control versus Hic-5-depleted cells). The block genes (Fig. 3A, red region) were included in sets II and III but not in set I, i.e. they were dexamethasone-regulated only after Hic-5 depletion and had different dexamethasone-treated mRNA levels in control versus Hic-5-depleted cells.
The number of genes in each of the three classes (block, ind, and mod) that required CHD9 or BRM for dexamethasoneregulated expression was defined by overlapping each of the three gene classes (block, ind, and mod) with two other comparisons from the RNA sequencing data (supplemental Datasets S2-S4). Specifically, each gene class (block, ind, and mod) was overlapped with sets a and b or with sets c and d (supplemental Fig. S3, B and C) . Sets a and b were derived by comparing mRNA levels in cells depleted of Hic-5 alone versus cells doubly depleted of Hic-5 and CHD9 or Hic-5 and BRM (supplemental Fig. S3B, left panel) . Sets c and d were derived by comparing mRNA levels in cells depleted of CHD9 or BRM alone versus control cells with no depletions (supplemental Fig. S3B, right  panel) . Although overlapping these comparisons identified several gene subsets of the block, ind, and mod gene classes (supplemental Fig. S3C , sectors i-iv), the genes of primary interest were those for which significant regulation by dexamethasone was entirely dependent on CHD9 or BRM, i.e. genes that were excluded from set a or c and included in set b or d (supplemental Fig. S3C, sector iii) .
Because block genes are only dexamethasone-regulated when Hic-5 is depleted, genes in the block class were overlapped with sets a and b. Again, except where otherwise specified, we used 1.3-fold change in expression and FDR-adjusted p Յ 0.05 as cutoffs for the analysis. Similar analyses were conducted with the ind and mod gene classes to determine the genes that were dependent on CHD9 and/or BRM for dexamethasone-regulated expression. Because the dexamethasone regulation of ind genes is independent of the presence or absence of Hic-5, the ind genes can be overlapped with results from either the double depletion of chromatin remodeler and Hic-5 (supplemental Fig. S3B, a and b) or chromatin remodeler depletion only (sup-plemental Fig. S3B, c and d) . Because many mod genes (138 of 364 genes) were no longer dexamethasone-regulated upon Hic-5 depletion (Fig. 3B , green region excluded from set II), genes in this class were best analyzed by single depletion of CHD9 or BRM (without depleting Hic-5) so that all mod genes were included in the analysis. Therefore, mod genes were overlapped with sets c and d (supplemental Fig. S3C ). However, to test reproducibility, we analyzed the dependence of ind and mod genes on CHD9 and BRM both in cells containing Hic-5 ( Fig. 3, B-D) and in cells lacking Hic-5 (supplemental Fig. S3,  D-F) .
For the box plot showing the quantitative effects of depleting CHD9 and BRM on the expression of block, ind, and mod genes (Fig. 3E ), the following formula was used,
where Y ϭ % decrease in log 2 -fold change after CHD9 or BRM depletion, X ϭ log 2 -fold change cause by dexamethasone in cells containing CHD9 or BRM, and Z ϭ log 2 -fold change caused by dexamethasone in cells depleted of CHD9 or BRM.
Chromatin immunoprecipitation
These experiments were performed as described previously (9) with slight modifications. Briefly, U2OS-GR␣ cells grown on 15-cm dishes were transfected with the appropriate siRNAs. After 48 h, the cells were treated with 100 nM dexamethasone or equivalent amounts of ethanol for 1 h before cross-linking with 1% (v/v) formaldehyde for 10 min at room temperature and extracting chromatin from the harvested cells. Chromatin was sonicated for 20 -30 min (30-s on/off cycles) with a Biorupter (Diagenode) at 4°C to produce a DNA fragment size of 400 -600 bp. Immunoprecipitation of the sonicated chromatin samples was conducted with a mixture of GR antibodies: H300 (6 g, Santa Cruz Biotechnology), PA1-511A (2 g, Thermo Scientific), and D6H2L (2 g, Cell Signaling Technology). Protein G-Sepharose magnetic beads (GE Healthcare) were used to isolate the immune complexes with the cross-linked DNA. When the DNA was purified, quantitative PCR amplification with the LightCycler 480 SYBR Green I Master (Roche) on the Light-Cycler 480 system (Roche) was performed with primers for the GBRs at the genes of interest. The following are the primer sequences for the GBRs used in this study: RP1L1, IGFBP1, MSX2, and SCNN1A (9); GRAMD4 (21); and SLN (forward primer, 5Ј-CAGGCTACCCATCACACTTCTTT-3Ј; reverse primer, 5Ј-TCAAGGTCACCATTAAAGTGCAAGA-3Ј).
FAIRE
The protocol used for the FAIRE experiment was described previously (61) . Cells were treated as in the chromatin immunoprecipitation experiments. When free DNA was purified from cross-linked, sonicated chromatin by phenol extraction, quantitative PCR primers for GBRs at the genes of interest as mentioned for chromatin immunoprecipitation were used to assess chromatin accessibility.
